Abstract-Effects of 4-nonylphenol (4-NP) on the morphology and survival of the cnidarian Hydra attenuata were studied under acute exposure conditions. The lethal concentration value inducing 50% mortality after 96 h was 97.5 Ϯ 20 g/L, whereas the lethal concentration value inducing 10% mortality after 96 h was 64 Ϯ 25.5 g/L. The no-observed-effect concentration based on morphological criteria was less than 25 g/L. Hydra was one of the most sensitive freshwater invertebrate species behind the amphipod Hyalella azteca. Toxicity effects appeared rapidly and did not evolve substantially between 24 and 96 h of exposure. Induction of apoptosis was registered during the first hour of exposure to 4-NP at lethal concentrations, indicating rapid effects of the chemical. Abnormal increase of apoptosis may explain the acute toxicity of 4-NP in hydra. Results show that hydra viability is affected in the short term at 4-NP concentrations normally found in contaminated sites, but not at those concentrations reflecting lower levels of environmental contamination.
INTRODUCTION
The number of anthropogenic chemicals released into the environment has been steadily increasing since the onset of industrialization. In particular, contamination of aquatic ecosystems by synthetic chemicals and their metabolites is of concern, because their mechanisms of toxicity remain largely unknown. Furthermore, reported endocrine disruption in aquatic (in)vertebrates has raised the issue of long-term effects and the impact that some anthropogenic chemicals can have on wildlife. Indeed, endocrine disruptors have been shown to disturb development, growth, reproduction, and sexual behavior in several species of oviparous biota [1] .
Alkylphenols are synthetic chemicals of concern because of their endocrine properties [2] . Alkylphenols and their derivatives, alkylphenol polyethoxylates, are used in paints and pesticides and as surfactants in industrial and household detergents. Nonylphenol (NP) has been identified as a critical alkylphenol polyethoxylate metabolite because of its recalcitrance to biodegradation, toxicity, and ability to bioaccumulate in aquatic organisms [3] . Nonylphenol and degradation byproducts of the parent nonylphenolic substances are detected in surface waters of Europe, North America, Japan, and Asia [4] . The median concentrations of NP in rivers generally are less than 1 g/L, but higher levels can be registered locally at the outfall of wastewater treatment plants that are inefficient in removing nonylphenolic compounds [5] . Even concentrations of several hundred micrograms per liter have been recorded at locations close to pollution sources without treatment facilities (http://sea.helcom.fi/dps/docs/folders/Project %20on%20Hazardous%20Substances/HazSub7.html).
Recently, estrogenic effects of NP have been well documented by numerous in vitro and in vivo studies [6, 7] . Nonylphenol has been shown to have estrogenic potential in ver-tebrates, such as fish, birds, and mammals, in which NP displaces 17␤-estradiol from its receptor [2] . Less information exists on the potential endocrine-disrupting effects of NP toward invertebrates [8] .
Several in vivo and in vitro studies have reported the apoptotic properties of NP [9] [10] [11] , whereas others have not corroborated this finding [12, 13] . Dysregulation of apoptosis, leading to an abnormal increase or a blockage of apoptosis, may explain infertility, developmental alteration, and short-or long-term toxicity [14] .
The present study sought to investigate the toxicity of 4-NP on the freshwater microinvertebrate Hydra attenuata, a cnidarian commonly found in lentic streams and waters that are clean or slightly polluted. This hydrozoan is sensitive to various pollutants [15] , and its absence in aquatic environments is a sign of chemical pollution. Field studies have shown that hydra play an important role in structuring the planktonic makeup of ponds and bodies of water and in maintaining diversity of zooplankton [16] . Adult hydra undergo drastic changes in morphology when exposed to toxic events, with death and disintegration comprising the ultimate phases of toxicity. Apoptosis occurs during growth regulation and morphogenesis of hydra [17] . In the present study, we investigate specific toxicity aspects of 4-NP, and we show that 4-NP induces apoptosis in hydra at lethal concentrations.
MATERIALS AND METHODS

Culture maintenance
Hydra populations were maintained and fed as described previously [18] . Hydra attenuata cultures were grown in glass dishes of 1.5-L capacity and filled with 0.5 L of hydra medium containing 110 mg/L of N-Tris (hydroxymethyl) methyl 1-2-aminoethanesulfonic acid, 147 mg/L of CaCl 2 ·2H 2 O, and 4 mg/ L of ethylenediaminetetraacetic acid. The stock cultures were 3086 Environ. Toxicol. Chem. 24, 2005 S. Pachura et al. [20] .
maintained in incubators at 20 Ϯ 1ЊC under a 16:8-h light: dark photoperiod at 800 lux.
Hydra were fed twice per week with freshly hatched Artemia salina nauplii provided in excess. The medium was replaced after 3 h of feeding, and hydra were rinsed with fresh medium. Once a week, hydra were transferred to a clean dish. Hydra used in testing were nonbudding individuals selected at random from stock cultures and sampled 5 d after feeding, which contributed to culture homogeneity by favoring similarly sized nonbudding animals. The animals were not fed during the test period.
Chemicals
All chemicals were purchased from Sigma (St. Quentin Fallavier, France), and 4-NP (Chemical Abstract Service registry no. 104-40-5; purity, Ն98%) was obtained from Fluka (St. Quentin Fallavier, France). The latter was solubilized in the hydra medium without the addition of any cosolvent. Test solutions were prepared by diluting a 4-NP-saturated solution with the hydra medium. The saturated solution was prepared by stirring glass microspheres impregnated with 4-NP as described by Graff et al. [19] . Then, 10 g of microspheres were introduced into a small basket plunged into 500 ml of hydra medium and stirred in the dark for 20 h. Thereafter, the saturated solution was filtered on a glass-fiber membrane of 1.2-m porosity and immediately diluted with hydra medium to obtain a series of dilutions for the hydra assays (20, 15, 10, 7.5, 5, 3, 2.5, 2, or 1%). A saturated solution was prepared before each series of assays (Ͻ24 h) in the three independent experiments (A, B, and C) that were performed. The 4-NP concentration was measured in the saturated solutions, in which the concentrations were 2.7 Ϯ 0.9 mg/L, indicating substantial differences between preparations. In experiments B and C, the 4-NP concentration was systematically measured in the 10% dilutions of the saturated solution after sampling from test vials at the end of the 96-h hydra exposure. This dilution was chosen because it approximated the median lethal concentration (LC50) found in experiment A. Concentrations in the other dilutions were determined based on the result obtained in the 10% test dilution rather than that of the saturated solution.
Chemical analyses
A 10-ml volume of the 4-NP solution was withdrawn for analysis and placed in a glass tube (to which acetonitrile was added in a ratio of 1:1, v/v, to prevent adsorption of 4-NP on tube walls during storage). Saturated solution A was analyzed within 72 h after collection. Saturated solutions of experiments B and C were analyzed at the same time as the 10% dilutions (i.e., within 72 h after completion of the bioassays).
Concentrations of 4-NP were measured using a high-performance liquid chromatographic technique. The chromatograph was equipped with a L6000 pump (Merck, Fontenay sous Bois, France) and an ultraviolet-spectrophotometric detector (SPD-6A; Shimadzu, Duisburg, Germany). A Rheodyne 7161 injection valve with a 50-l sample loop and Inertsil ODS-3 (250 ϫ 4.6 mm; Hamilton Sundstrand Applied Instrument Technologies, Pomona, CA, USA) analytical column were used. Chromatographic separation was carried out in isocratic mode using a mixture of water:acetonitrile:trifluoroacetic acid (20/80/0.2, v/v/v) as a mobile phase. Analyte concentrations were determined by external calibration using peak-area measurements at the detection wavelength of 225 nm.
Acute toxicity assay on hydra polyps
Adult hydra were exposed continuously to the test chemical during 96 h in 20-ml glass vials. To saturate the glass walls with 4-NP and limit chemical adsorption during the test period, an aliquot of the test solution was added to each vial, left to stand for 15 min, then removed and replaced with an identical test solution. Three animals were placed into each vial containing 20 ml of a test solution, and triplicates were carried out for each concentration tested in every bioassay. Hydra polyps were observed at time zero to ensure viability. Hydra were monitored using a stereomicroscope (ϫ18) every hour during the first 7 h in experiment B and then every 24 h. In each experiment (A, B, or C), several independent bioassays were conducted to assess 4-NP toxicity. Test medium composition, temperature, and photoperiod used during exposure were similar to those for maintaining hydra cultures.
Hydra react to an environmental stress by contracting their tentacles and body, and they can display a broad range of morphological changes. These changes were recorded and scored from 10 (normal) to 0 (disintegrated) as described in the detailed key (Table 1) constructed by Wilby [20] . Disintegrating hydra progressively exhibit different morphological stages ( Fig. 1 ): Clubbed tentacles (score 8), shortened tentacles (score 6), tulip phase (score 5), and disintegration (score 0). Tulip phase and disintegration were recorded as death [17] ; thus, lethality corresponds to scores between 5 and 0. Toxicity also was expressed by LC50s and 10% lethal concentrations (LC10s).
The highest concentration tested that failed to induce any morphological change in the exposed individuals (score 10) compared to controls was recorded in all bioasssays. This concentration was defined as the no-observed-effect concentration (NOEC) in the present study.
DNA ladder
The purification of fragmented DNA was performed using the Suicide Track DNA Ladder Isolation kit according to the manufacturer's instructions (catalog no. AM41-1EA; Oncogene Research Products, Cambridge, MA, USA). The technique is a nonisotopic method for detection of the 180 to 200 base pairs of DNA fragments separated by standard agarose gel electrophoresis. This DNA fragmentation, which is typical of an apoptotic process, results from activation of endogenous Ca 2ϩ -and Mg 2ϩ -dependent nuclear endonuclease that selec- tively cleaves DNA at sites between nucleosomal units, generating mono-and oligonucleosomal DNA fragments. To summarize, DNA was extracted from cells using a lysis buffer. After RNA degradation and DNA isolation, 2-propanol was added to precipitate DNA. Pellets were washed with ethanol, resuspended, and then loaded onto a 1.5% agarose gel containing 0.1% ethidium bromide. Fragments of DNA were separated by electrophoresis (50 V for 1 h) and then visualized by ultraviolet illumination. Several independent experiments were conducted on different hydra cultures to study the effects of 4-NP on DNA fragmentation at nominal concentrations inducing lethal effects (LC50 and LC100). Each assay was performed on five hydra polyps without bud and after a 5-d period of starvation. After a short exposure (1 or 5 h) to 4-NP concentrations that were checked in parallel, the test medium was centrifuged at 5,000 g for 30 s to pellet the hydra. The medium was removed, and the hydra were rinsed with fresh hydra medium. Pellets were lysed and DNA extracted as described above.
Data and statistical analyses
After polyp observations and scoring, LC50s and LC10s were determined using the Inhibition Concentration Approach (ICp) software (Ver 2.0; U.S. Environmental Protection Agency, Duluth, MN). The ICp approach is a linear interpolation method for estimating a (sub)lethal toxicity as recommended in aquatic toxicity studies by the U.S. Environmental Protection Agency [21] . The ICp, or the inhibition concentration estimator associated with proportion p inhibition relative to the control response (i.e., LC50 or LC10), is defined as the linear interpolant between the concentration associated with the two nearest means bracketing the specified decrement from the control mean. The number of viable hydra in each vial and for each concentration was used to determine the LC50 (IC50) and LC10 (IC10).
Because normality and homogeneity of the data could not be assumed, nonparametric methods were used to perform the comparisons. Results obtained in the three experiments were analyzed using the Kruskal-Wallis test. Comparisons between LC50s and LC10s were performed using the nonparametric Mann-Whitney test.
RESULTS
Toxicity of 4-NP
The preliminary experiment (experiment A) was carried out with hydra exposed to seven dilutions ranging between 20 and 1% of a 4-NP saturated solution in which chemical analysis was performed in the saturated solution. Results indicated that the 96-h LC50 averaged 118 g/L (Table 2 ) and that this concentration corresponded to approximately the 10% dilution.
Further experiments were conducted by measuring the 4-NP concentration in the test medium at 10% dilution of the saturated solution. Experiment B, which was carried out using six series of dilutions from the same saturated solution, showed that the measured concentrations of the 10% dilutions were in the range of 118 to 128 g/L. Experiment C was carried out with one series of dilutions tested on three different cultures.
The acute toxicity of 4-NP was determined from experiments A, B, and C (Table 2) The relationships between concentrations and toxicity expressed by the mean score and time of exposure to 4-NP are presented in Figure 2 for the first hours of exposure ( Fig. 2a) and for the period from 24 to 96 h (Fig. 2b) . Mean score decreases with an increase of exposure concentrations and time during the first 4 h of exposure. Beyond 24 h, no major change in the shape of the concentration-response curve was observed. Morphological changes occurred rapidly after exposure to high concentrations, with 100% lethality observed within 24 h at the highest concentration tested, but changes evolved more slowly at low concentrations. No change was observed in control hydra that were assigned a score of 10 throughout the experiment. Slight changes in tentacle morphology were noted at the lowest concentration tested (25 g/L), and these changes corresponded to a score of 9 on the hydra scale. Hence, a concentration inducing no adverse effect on morphology could not be determined from the set of concentrations examined, and the NOEC clearly was less than this concentration.
Apoptotic effects of 4-NP
The typical DNA fragmentation ladder pattern that is characteristic of apoptosis was observed in hydra exposed to 4-NP, compared with controls in which no or only limited apoptotic DNA fragmentation was registered (Fig. 3) . The DNA fragments revealed a distinctive ladder pattern that consisted of multiples of 180 to 200 base pairs. This apoptotic feature appeared rapidly (i.e., after 1 h of exposure to lethal concentrations of 4-NP), as shown in Figure 3 , corresponding to two independent assays. Minor morphological changes (clubbed tentacles) in hydra were visible at this time for the two concentrations tested. Changes in hydra morphology were clearly detectable after 5 h, and degradation of morphology was then reflected by poor hydra scores. The DNA fragmentation presented the same intensity after 1 and 5 h of exposure, indicating early onset of the apoptotic process.
Toxicity of 4-nonylphenol and apoptosis in hydra
Environ. Toxicol. Chem. 24, 2005 3089 Fig. 3 . Pattern of DNA electrophoresis demonstrating apoptosis in hydra polyps in two independent experiments (a, b): exposure to 4-nonylphenol (4-NP) during 1 and 5 h. Lane 0: control; lanes 1 and 2: concentrations corresponding to lethal concentrations inducing 50% (LC50) and 100% (LC100) of mortality, respectively. bp ϭ base pairs.
DISCUSSION
In the present study, the tested NP solutions were prepared without the use of a cosolvent to eliminate any possible carrier interference. The high adsorption properties of NP could result in a rapid decrease of concentrations in the test media. To overcome this problem, we chose to assess 4-NP toxicity on hydra immediately after preparation of the test dilutions, to saturate the test glass vials with 4-NP at each concentration tested, and to sample the 10% dilution at the end of the bioassay. The 10% dilution concentration was selected for analysis because it approximated the LC50 and helped to determine the concentrations of subsequent dilutions tested. Although not all the tested concentrations were measured, the actual concentrations of test solutions lower than 10% (prepared by serial dilution with the hydra medium) can be considered to be close to the calculated concentrations.
The acute toxicity of 4-NP to hydra yielded an LC50 of 97.5 Ϯ 20 g/L in the present study. Hydra appear to be one of the most sensitive invertebrate species in terms of exposure to NP that have been tested to date. The most sensitive species responding to NP was reported to be the amphipod Hyalella azteca, to which the U.S. Environmental Protection Agency [22] attributed a species mean acute value of 56 g/L. In contrast, the snail Physella virgata was the least sensitive species, with a LC50 of 774 g/L [22, 23] . The mean acute value for Daphnia magna was 127 g/L [22] . Freshwater fish species were in the midrange of toxicity to NP, with most of the 96-h LC50s ranging from 100 to 300 g/L [24] . The freshwater final acute value for NP calculated according to the U.S. Environmental Protection Agency guidelines [25] was 55.7 g/L. Effects on survival were not dramatically increased after longer periods of invertebrate exposure to NP, contrary to effects on reproduction. Indeed, the 48-h median effective concentration of NP to D. magna was 190 g/L, whereas survival of daphnids was affected at greater than 130 g/L after 21 d of exposure [26] . Likewise, the NOEC and lowest-observedeffect concentration for reproduction were 24 and 39 g/L, respectively.
These data confirm the usefulness of hydra as a sensitive and ubiquitous species in aquatic ecosystems to assess the toxicity of freshwater pollutants, as was shown for pesticides [27] , metals [28] [29] [30] , solvents/glycol ethers [31] , estrogens [32] , and drugs [33] .
In the present study, we demonstrated the apoptotic effects of NP in hydra. Apoptosis was triggered very quickly after the onset of exposure and may explain disintegration of this cnidarian. Apoptotic effects did not increase with time, which is in line with the fact that effects of NP on hydra survival did not evolve dramatically over time, from 24 to 96 h of exposure and beyond. Because hydra regeneration, tested in parallel to survival, was altered at the same concentrations as those affecting survival (data not shown), it can be surmised that induction of apoptosis is responsible for both effects. This hypothesis certainly merits further study.
Programmed cell death has been shown to mediate tissue destruction and to be a mechanistic tool for body shaping and regulating events during development of the marine hydrozoan Hydractinia echinata [34] . Features typical of apoptosis have been observed in nurse cells during early stages of oogenesis resulting from sexual reproduction of hydra and gametogenesis [35] . Technau et al. [35] demonstrated that initiation of nurse cell apoptosis was a source of nutrients essential for oocyte development. Cikala et al. [17] also demonstrated that apoptosis can be induced in hydra by treatment with colchicine and that the process involved caspase-3-specific enzyme activity. Programmed cell death is a physiological process that occurs naturally in hydra, as corroborated by findings of some apoptotic degradation in controls. Yet, dysregulation of programmed cell death, a highly physiologically controlled process, may have consequences regarding the homeostasis of species in both the short and the long term.
Wang et al. [9] demonstrated that 4-NP caused a significant increase in apoptotic Sertoli cells exposed to 3,000 g/L for 72 h. Aoki et al. [36] also found induction of apoptosis in PC12 mammal cells exposed to NP in the range 0.01 to 100 g/L. Additionally, in vivo studies recorded the apoptotic effects of NPs. Weber et al. [37] showed an increase of apoptotic cells in testis-Leydig-homologue cells, Sertoli cells, and spermatocytes of the adult male Japanese medaka (Oryzias latipes) exposed for six weeks to 100 g/L of 4-NP. These results enabled those authors to put forward the hypothesis that defective effects of NP on gametogenesis and reproduction in vertebrates could be related, in part, to its apoptotic properties in addition to its estrogenic-disrupting effects.
The present study did not investigate the effects of NP on sexual reproduction of hydra, as was done by Pascoe et al. [32] for 17␣-ethinylestradiol and bisphenol A and by Vandenbergh et al. [38] for 17␣-ethinylestradiol. No reproductive effects were recorded at the lower, environmentally relevant concentrations of the chemicals tested by those authors, leading to the conclusion that the primitive cnidaria are not subject to disruption by estrogens or estrogen mimics [32] . Those authors [32] postulated that damage recorded with these chemicals at high concentrations probably result from general toxicity rather than from disruption of hormonal/signaling processes. Toxicity recorded on hydra in the present study occurred at 4-NP concentrations that are representative of those at polluted sites. As a result of the reduction in use of NP ethoxylates for industrial and domestic detergents, average NP levels in surface waters have tended to decrease during the last decade and, today, generally are less than 1 g/L in most bodies of water [39] . Yet, environmental concentrations above this level can still be found. The median concentration of NP measured in 139 U.S. rivers sampled in the years 1999 and 2000 was 0.8 g/L, but a maximum of 40 g/L was recorded [39] . Moreover, several hundred micrograms per liter can be found in specific areas, especially when municipal and industrial wastewater treatment plants are either inefficient at removing nonylphenolic compounds or absent (http://sea.helcom.fi/dps/ docs/folders/Project%20on%20Hazardous%20Substances/ HazSub7.html). Toxicity to hydra may be expected under acute exposure conditions at environmental concentrations close to or greater than the 96-h LC10 (64 Ϯ 25.5 g/L), which would result in the disappearance of this hydrozoan in polluted freshwater ecosystems of this nature. Further investigations certainly are warranted to assess development of the hydra population under chronic exposure conditions at 4-NP environmental concentrations lower than the LC10 level.
At low concentrations that are environmentally relevant (Ͻ1 g/L), the present data concerning 4-NP suggest that hydrozoan viability is not threatened following acute exposure if LC10 values are considered. In this case, the safety factor is close to 50, and it seems to be large enough to account for chronic effect uncertainties in the field. In contrast, if NOECs are considered, the safety factor will be less than 25, because morphological changes reflecting sublethality already have been noted at this concentration. Although changes in hydra were slight at 25 g/L, alteration of feeding success consecutive to alteration of tentacles cannot be discarded. Therefore, it would be of interest to study the long-term consequences of these changes and to investigate concentrations lower than those employed here. Because lower exposure levels were not tested in the present study, we were unable to determine a precise acute exposure NOEC for 4-NP.
The present study has shown that toxicity of 4-NP may result from apoptosis, a cellular mechanism likely to impair survival as well as regeneration. This latter aspect remains to be investigated. Yet, adverse effects on other physiological processes, such as sexual reproduction (not evaluated in the present study), cannot be excluded and deserve additional attention in future studies.
